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ABSTRACT Biochemical mechanisms of malathion resistance were investigated in a malathion-
resistant strain of the parasitoid Habrobracon hebetor Say collected from a farm storage in Kansas.
General esterase activities were significantly lower in the resistant strain compared with those in a
susceptible strain. However, no significant differences were found in activities of malathion specific
carboxylesterase (MCE), glutathione S-transferase and cytochrome P450 dependent O-demethylase
activities, cytochrome P450 contents, and sensitivity of acetylcholinesterase to inhibition by mala-
oxon between the 2 strains. Because MCE was not elevated in the resistant strain, the weak malathion
resistance in H. hebetor may result from a different mechanism compared with that hypothesized for
some insect species in which reduced general esterase activity is accompanied by an elevated MCE.
Decreased esterase activity in the resistant strain suggested that null alleles of some esterases were
associated with the resistance. Indeed, E1 and E2, major esterases in the susceptible strain, were not
present in the resistant strain on polyacrylamide gels that were stained for esterase activity using the
model substrate 1-naphthyl acetate. In contrast, the activity of esterase E3 on the gels was much
higher in the resistant strain as compared with that of the susceptible strain. These findings indicate
that malathion resistance in H. hebetor is associated with both an increased activity of the esterase

E3 and null alleles of the esterases E1 and E2.
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MALATHION RESISTANCE IS common in many pest insects
and in several parasitoids associated with the stored-
grain ecosystem. Two parasitoids that have developed
significant levels of resistance have different feeding
niches within the grain storage system. Anisopteroma-
lus calandrae (Howard) (Hymenoptera: Pteromali-
dae) can penetrate grain masses during the search for
hosts such as weevil larvae that are found within grain
kernels. A 2nd species, Habrobracon | =Bracon]| hebe-
tor Say (Hymenoptera: Braconidae), forages primarily
on the grain surface where major hosts are pyralid
moth larvae. A. calandrae has developed a high level
of resistance (>2,500-fold) (Baker 1995) that is hy-
pothesized to result from the presence of protected
hosts (i.e., weevil larvae inside grain kernels) when
the wasps are searching in grain treated with grain
protectants (Baker and Weaver 1993, Baker and
Throne 1995). However, malathion resistance in H.
hebetor is much weaker, ~7-fold at the LC, based on
concentration-response assays, perhaps because it can
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locate hosts without extensive contact with insecticide
residues on the grain mass (Baker et al. 1995).

The high level of resistance in A. calandrae is asso-
ciated with increased activity of a malathion specific
carboxylesterase (Baker et al. 1998). There is no ev-
idence that an increase in general esterase activity or
increased activity of other detoxification systems, in-
cluding glutathione S-transferase, phosphotriesterase,
or cytochrome P-450 O-demethylase contributed to
the resistance in this pteromalid wasp. The mecha-
nism(s) responsible for the much weaker malathion
resistance in H. hebetor is not understood. In the study
reported below, we determined resistance levels of a
field strain of H. hebetor, increased the resistance fre-
quency of the strain through laboratory selection, and
compared activities of several detoxification systems
in the selected strain with those of a laboratory strain.

Materials and Methods

Parasitoid Strains. A strain of H. hebetor (R strain)
was collected during October 1996 in a probe trap
placed in wheat that was infested with the Indian meal
moth, Plodia interpunctella Hiibner (Lepidoptera:
Pyralidae). The grain storage was located in Dickinson
county in north central Kansas. The parasitoid was
reared in the laboratory at 27°C and 60% RH on P.
interpunctella larvae for 4 generations before start of
the bioassays. A susceptible (S) strain of H. hebetor,
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maintained for >20 yr in the laboratory, was used as
a reference strain.

Bioassays. Resistance in adult male and female H.
hebetor was determined with serial time-response bio-
assays in glass vials (28 by 60 mm) according to Baker
et al. (1995). To compare response of strains, a single
concentration of technical malathion (American Cy-
anamid, Princeton, NJ) (6.1 pug [AI] per vial) was used
in these tests. This concentration was the LCyg for the
SCC strain of H. hebetor determined previously with
concentration response bioassays (Baker et al. 1995).
Adults tested were generally between 3 and 7d old. In
each assay, the parasitoids were briefly anesthetized
with CO, and placed in the treated vials. Knockdown
was determined at 10-, 15-, or 30-min intervals at room
temperature. Results are based on 2-3 tests at room
temperature on different days, with each test having
3-5 replicate vials (10-15 adults per vial) per sex per
strain. Solvent-treated vials were included as controls.

Mortality data from the time-response bioassays
were analyzed by the probit procedure developed for
correlated data by Throne et al. (19952a). Continuous
mortality data (proportion killed) were fit to 6 models.
Probability of dying was obtained from back transfor-
mations of the transformation giving the best fit to the
data as determined by a chi-square goodness-of-fit test
(Throne et al. 1995b). Programs for these analyses
were written and run in Mathematica. Confidence
intervals for median lethal time ratios were calculated
according to Robertson and Preisler (1992).

Laboratory Selection. For these biochemical stud-
ies, the R strain from Dickinson county was selected
with malathion by isolating virgin males and females,
exposing them to malathion in the glass vial bioassay,
and allowing the survivors to mate. Specifically, virgin
males and females were obtained by allowing adult H.
hebetor from the 4th generation of the R strain to
parasitize P. interpunctella larvae in plastic petri dishes
(15 by 100 mm) dishes. After completion of larval
development, individual parasitoid pupae were iso-
lated from the dishes and placed in glass test tubes (13
by 100 mm) with caps. Tubes were observed daily for
emergence of adult parasitoids.

Virgin males and females of the R strain (81 & and
59 ?) were placed separately in glass bioassay vials
treated with 6.1 pg (AI) malathion per vial. When
~50% of the wasps were knocked down in the treated
vials, the remaining wasps were briefly anesthetized
with CO, and transferred to a clean, untreated vial.
Adults that were alive after an additional 1 h were
transferred to a 3.5-liter jar containing P. interpunctella
hosts. Progeny from the 1st selection were selected a
second time in the same manner. Progeny from these
adults constituted the R-selected strain. We did not
test this strain against other organophosphate insec-
ticides.

Chemicals. a-Naphthyl acetate (1-NA), B-naphthyl
acetate (2-NA), p-nitrophenyl acetate (4-NPA),
4-methylumbelliferyl acetate (4-MUA), a-naphthol,
o-dianisidine (fast blue salt BN), diethyl p-nitrophe-
nyl phosphate (paraoxon), acetylthiocholine iodide
(ATC), ethylene glycol, B-NADP+, isocitrate dehy-
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drogenase, p-nitroanisole, sodium dithionite, and 2,3-
4C-malathion were purchased from Sigma (St. Louis,
MO). Ethylenediaminetetraacetic acid (EDTA) and
sodium dodecyl sulfate were from Fisher (Fair Lawn,
NJ). 3,4-Dichloronitrobenzene (DCNB), 1-chloro-
2,4-dinitrobenzene (CDNB), and 5,5'-dithio-bis (2-ni-
tro)benzoic acid (DTNB) were purchased from Al-
drich (Milwaukee, WI). ReadySafe liquid scintillation
cocktail was purchased from Beckman (Fullerton,
CA). Malaoxon was a gift from Cheminova Agro
(Lemvig, Denmark).

Preparation of Enzymes. Male or female wasps
(generally 15-20 adults) were briefly anesthetized
with CO,, placed in cold 50 mM sodium phosphate
buffer (pH 7.0), and homogenized with an Ultra-Tur-
rax (Tekmar, Cincinnati, OH) rotary homogenizer.
For cytochrome P-450 determination, insects were
homogenized in buffer containing 1 mM EDTA by
using a glass homogenizer with a Teflon pestle. Ho-
mogenates were centrifuged at 5,000 X g for 5 min at
4°C and supernatants were collected. These superna-
tants were subsequently centrifuged at 100,000 X g for
1 h at 4°C. The 100,000 X g supernatants were used as
enzyme source for all assays (except for cytochrome
P-450 determination). For cytochrome P-450 deter-
mination, the 100,000 X g pellets were resuspended in
cold 200 mM pH 7.0 sodium phosphate buffer con-
taining 20% (vol:vol) glycerol and frozen at —80°C
until assayed. Protein concentrations were deter-
mined using the Coomassie Plus Protein Assay Re-
agent (Pierce, Rockford, IL).

General Esterase. Hydrolytic activities against 4
general esterase substrates, 1-NA, 2-NA, 4-NPA, and
4-MUA, were measured with the procedures of Baker
et al. (1998) modified slightly from those of van As-
peren (1962) and Abdel-Aal et al. (1992). For 1-NA,
2-NA, and 4-NPA, absorbance values were determined
with a BioTek microtiter plate reader. Activity against
4-MUA was determined with a Shimadzu RF5000U
spectrofluorophotometer with excitation at 319 nm
and emission at 447 nm.

Malathion Carboxylesterase (MCE). Malathion
carboxylesterase activity was determined by modifi-
cations of the procedures of Halliday (1988), Sakata
and Miyata (1994), and Whyard et al. (1994a 1994b)
as described by Baker et al. (1998). A stock solution of
2,3-"*C-malathion (6.5 mCi/mmol) was prepared in
95% ethanol and used as substrate. Hydrolysis of the
malathion was terminated and unhydrolyzed mala-
thion was separated from the malathion monoacids by
chloroform extraction. The aqueous phase was diluted
into ReadySafe scintillation fluid and counted in a
Beckman LS6500 scintillation counter.

Acetylcholinesterase Sensitivity. Acetylcholinester-
ase (AChE) sensitivity to malaoxon was compared in
the R-selected and S strains of H. hebetor by measuring
the inhibition of hydrolysis of the model substrate
acetythiocholine (ATC) by malaoxon with a method
modified from Ellman et al. (1961). Reaction mixtures
containing 125 ul 12 mM DTNB and 25 ul 75 mM ATC
and with or without 25 ul 1.5 mM malaoxon were
brought to 2.5 ml with 200 mM sodium phosphate
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buffer, pH 7.0. A 100 pl volume of the mixture was
added to 50 ul homogenate containing 10 pug enzyme
protein in 10 wells of a microtiter plate. Change in
absorbance at 405 nm was followed for 5 min at 25°C.

Glutathione S-Transferase (GST). Rates of conju-
gation of 1-chloro-2,4-dinitrobenzene (CDNB) and
3,4-Dichloronitrobenzene (DCNB) with reduced glu-
tathione were compared in extracts from both R-se-
lected and S strains of H. hebetor by slight modifica-
tions of the methods of Yu (1982). Reduced
glutathione (0.49 ml of 15 mM solution) in 200 mM
sodium phosphate buffer, pH 7.0 and 10 ul of 150 mM
DCNB or CDNB were pipetted into a plastic semi-
micro cuvette. After 3 min at room temperature, 250
wul of insect homogenate containing 50 ug of enzyme
protein was added to the cuvette and placed in a
Beckman DU 7400 spectrophotometer with temper-
ature control. Change in absorbance at 340 nm and 344
nm was recorded for 5 min at 25°C for CDNB and
DCNB, respectively.

Cytochrome P-450 Content. Cytochrome P-450
content was quantified by using the method of Omura
and Sato (1964) as modified by Jesudason et al. (1988).
Microsomal preparations (Hillstrom et al. 1984) from
groups containing both & and @ wasps were diluted
to 1 mg protein/ml in a final volume of 1.5 ml 200 mM
sodium phosphate buffer, pH 7.0. Carbon monoxide
was bubbled through the microsomal fraction for 30 s.
One half of the microsomal fraction was added to each
of two 1-ml quartz cuvettes. Sodium dithionite (2.5
mg) was added to 1 of the cuvettes as a sample. The
spectrum difference of the sample was recorded
against the reference using an Ultraspec 3000 spec-
trophotometer and molar concentrations of cyto-
chrome P-450 were determined using the path length
of 1 em and the molar extinction coefficients of 91
em ' mM L

Cytochrome P-450 O-demethylase. O-Demethylase
activity of H. hebetor was determined by following the
O-demethylation of p-nitroanisole to p-nitrophenol
(Kinoshita et al. 1966, Rose and Brindley 1985). The
NADPH generating system was prepared in H,O just
before use and included 6.3 mM MgCl, - 6 H,0, 0.732
mM B-NADP™, 11.2 mM DL-isocitric acid, and 1 U of
isocitrate dehydrogenase. Integrity of the NADPH-
generating system was monitored by observing the
absorbance at 340 nm following the addition of iso-
citrate dehydrogenase. A 200-ul aliquot of the
NADPH-generating system was added to 50, 100, or
200 wl of undiluted microsomal fraction in a total
volume of 0.6 ml with 0.1 M Tris'HCI pH 8. The mi-
crosomal fraction/NADPH-generating system reac-
tion mixture was allowed to incubate with a final
concentration of 1 mM p-nitroanisole for 30 min at
37°C. Reactions were stopped by addition of 2.5 ml
cold acetone. Tubes were capped and after equilibra-
tion to room temperature, 0.2 ml of 0.5 M glycine-
NaOH pH 9.4 was added to each tube followed by
centrifugation at 2,000 X g to pellet the precipitate.
Absorbance at 410 nm was determined by using a
Beckman DU-7400 spectrophotometer. Units of activ-
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ity were determined using the molar extinction coef-
ficient of 1.7 X 10* M~ 'em ™! for p-nitrophenol.

Gel Electrophoresis. Proteins in 5,000 X g super-
natants of homogenates of individual female H. hebe-
tor, or groups of 5 female wasps, were separated by
electrophoresis under native conditions in 10% poly-
acrylamide gels at 125 V for 2.5 h at 4°C with a Novex
electrophoresis system. Aliquots containing 5 or 10 ug
protein were loaded into each lane. Esterolytic bands
of activity were visualized using the substrates 1-NA
and 4-MUA from the methods adapted from Ono et al.
(1994) and Baker et al. (1998). 1-NA activity bands
appear as red bands on a clear background whereas
4-MUA activity bands are visualized using an UV light
table.

After electrophoresis, gels were also preincubated
with several inhibitors before incubation with 1-NA to
determine possible qualitative differences in the es-
terases between strains. Inhibitors tested were para-
oxon, an inhibitor of type B esterases, eserine, an
inhibitor of cholinesterases, and triphenyl phosphate,
a broad inhibitor of general esterases. Each inhibitor
was tested at 4 concentrations from 10~ to 1077 M.

Data Analysis. Significant differences in activity val-
ues were determined with PROC ¢-test (SAS Institute
1987).

Results

Susceptibility of Dickinson Strain of H. hebetor to
Malathion. Males and females of the field strain of H.
hebetor collected from Dickinson County, KS, were
significantly more tolerant of malathion than those of
the laboratory strain (Fig. 1A). For comparisons be-
tween strains, mortality data were fitted to log-probit
transformations. LTx,s were 30.9 min (x>, 0.65; slope +
SE, 14.0 * 1.9; 95% CL, 29.2-32.5 min) for & and 37.9
min (2, 4.62; slope =+ SE, 10.7 = 1.1:95% CL, 35.9—40.1
min) for @ from the laboratory strain (designated as
S strain) compared with 55.7 min (x?, 10.41; slope *
SE, 3.8 * 0.3; 95% CL, 48.2-64.3 min) for & and 78.3
min ()7, 22.23; slope = SE, 2.6 + 0.3; 95% CL, 62.9-98.1
min) for @ from the Dickinson strain (designated as
R strain). Based on LTy,s in these tests, lethal time
ratios were 1.8-fold (95% CL, 1.5-2.1) for & and 2.1-
fold for @ (95% CL, 1.6-2.6). In addition, to strain
differences, females within each strain were more
tolerant to malathion than were males. Within the S
strain, females were 1.2-fold (95% CL, 1.1-1.3) more
tolerant of malathion than males, and within the R
strain, females were 1.4-fold (95% CL, 1.1-1.9) more
tolerant.

Selection with Malathion. Results of a typical se-
lection with malathion are shown in Fig. 1B (males)
and 1C (females). Males and females were removed
from the bioassay vials after 30- and 40-min exposures
to malathion, respectively. After removal from the
treated vials, the number of adults dying declined
compared with the continued death of adults that
were not removed from vials. Survivors from these
treatments were used to form the R-selected strain.
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Fig. 1. Time-mortality curves in malathion bioassay of H.
hebetor after exposure to vials containing 6.1 ug malathion at
room temperature. Lines represent back transformations of
mortality data based on the log-probit model. (A) Sex and
strain differences in response of H. hebetor to malathion. (B)
Comparisons of time-mortality response between the males
that were transferred into untreated vials (R 3 rem) after a
30-min exposure and the males that were exposed continu-
ously in the malathion treated vials. (C) Comparisons of
time-mortality response between the females that were
transferred into untreated vials (R @ rem) after a 40-min
exposure and the females that were continuously exposed
in the malathion treated vials. (D) Comparison of time
mortality response among females of S, R, and R-selected
strains.
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R-selected Strain. Based on results of bioassays with
female H. hebetor, after 2 selections with malathion in
the laboratory, the frequency of resistance alleles was
increased significantly in the R-selected strain (Fig.
1D). LT5,s were 32.2 min (95% CL, 29-35) for the S
strain (controls), 112 (95% CL, 98-128) for the R
strain, and 153 (95% CL, 136-171) min for adult fe-
males of the R-selected strain. The median lethal time
ratio based on LT,s, and relative to the S strain (con-
trols), increased from 3.5 (95% CL, 3.0-4.0) in the R
strain to 4.7 (95% CL, 4.2-5.3) in the R-selected strain.
Relative to the R strain, the R-selected strain was
1.4-fold (95% CL, 1.2-1.6) more tolerant of malathion.
The selected strain was used in all biochemical com-
parisons with the susceptible laboratory strain.

Biochemical Mechanisms of Resistance. Esterase
activity against 1-NA, 2-NA, and 4-MUA in females and
males from the R-selected strain were significantly
lower than those in the S strain (Table 1). Activity
levels against these 3 substrates were ~2.3-, 2.3-, and
2.6-fold lower in the R-selected females compared
with corresponding activities in the S females, and 1.6-,
1.7-, and 1.9-fold lower in the R-selected males com-
pared with activities in the S males, respectively.
There was no significant difference in activity against
4-NPA among females from the 2 strains. There were
no significant differences in MCE activities in both
females and males between the R-selected and S
strains of H. hebetor.

In these assays, there was significantly more ace-
tylcholinesterase activity against ATC in males from
the S strain compared with males from the R-selected
strain. However, differences between the females
were not significant. Activity levels after preincuba-
tion with malaoxon were not significantly different
between the sexes of the 2 strains. Malaoxon reduced
activity by 69 and 73% in females and males from the
R-selected strain, and by 74 and 82% in females and
males from the S strain, respectively.

Glutathione S-transferase was more active against
CDNB than DCNB in both strains, but there were no
significant differences in activities between the R-
selected and S strain of H. hebetor with either sub-
strate.

Mixed sex groups were used to prepare microsomes
from wasps of the R-selected and S strains and there
were no significant differences in content of cyto-
chrome P-450 or in O-demethylase activity between
preparations from the 2 strains.

PAGE Analysis. There were qualitative and quan-
titative differences in esterases between the R-se-
lected and S strains of H. hebetor when equal amounts
of sample protein were analyzed (Fig. 2A). Major
bands of activity against 1-NA were found at Rm 0.18
(El) and 0.24 (E2) in the S strain. The broad band E2
may result from the presence of >1 esterase in this
region. E1 and E2 were absent in the R-selected strain,
indicating that resistance may be associated with null
alleles of these enzymes.

The major band with activity against 1-NA in the
R-selected strain was at Rm 0.37 (E3). E3 was also
present in the S strain, but the zymograms indicated
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Table 1.
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Comparison of hydrolases, glutathione S-transferase and O-demethylase activities, and cytochrome P-450 content between
the R-selected and S strains of the braconid parasitoid H. hebetor

Specific activities in H. hebetor strains®

t, P values for

comparing strain

Enzyme system Substrate R-selected strain S strain differences by sex
9 33 e 3d e 33
General esterase 1-NA 778 £6.7 80.7£75 181.4 = 12.1 1331 =54 7.50, 0.000  5.67, 0.002
2-NA 341.8 = 24.3 387.8 =158 796.1 £ 62.8 6562 = 45.8  6.74,0.000  5.54, 0.004
4-NPA 4.6 = 0.6 55+0.5 42+ 04 41+04 0.52, 0.61 2.07, 0.05
4-MUA 22.3+29 27.6 6.8 58.5 £ 6.1 51.3 £4.1 5.35, 0.01 2.98, 0.04
MCE 14C-malathion 96.4 = 29.6 90.4 = 12.2 812+ 121 1585 =441 047,065 1.48, 0.17
Acetylcholinesterase ATC 48+12 44+08 6.5 *0.3 89*05 1.37, 0.19 4.77, 0.003
ATC w/malaoxon 1.5+0.1 1.2+0.3 1.7+02 1.6 £02 0.74, 0.47 1.37, 0.19
Glutathione S-transferase CDNB 343 = 34 383 = 56 324 =27 364 = 43 0.43, 0.69 0.27, 0.80
DCNB 193 *1.1 22.7+ 28 199 +09 189+ 1.0 0.42, 0.69 1.24, 0.28
P-450 content” — 1.3+06 — 1.0 0.5 — 0.38, 0.72 —
O-Demethylase” p-Nitroanisole 0.24 = 0.04 — 0.22 = 0.05 — 0.31, 0.76 —

t, P values from PROC t-test.

“Specific activities: Means = SEM based on 3-4 replicates per sex per strain. 1-NA, 2-NA, 4-NPA, glutathione S-transferase and O-
demethylase = nmol/min/mg protein; MCE and Acetylcholinesterase = pmol/min/mg protein; 4-MUA = F/min/ pg protein; P-450 content

= nmol/mg protein.

> Microsomes were prepared from samples containing both 8 and @ wasps.

a much higher level in the R strain. Evidence pre-
sented below indicates that properties of E3 in the 2
strains are different. The S strain also had an activity
band at 0.39 (E4). E4 was weakly visible in the R-
selected strain.

Results of preincubation with inhibitors before ad-
dition of 1-NA indicated there were differences in
properties of the esterases between the R-selected and
S strains. E1 and E2 in the S strain appeared to be
partially inhibited and E3 in the S strain was com-
pletely inhibited by preincubation with 107 M es-
erine (Fig. 2B). In contrast, E3 was less affected by
10~% M eserine in the R-selected strain. Results of
preincubation with TPP (Fig. 2C) indicated that an
overall reduction in activity occurred with concen-
trations increasing from 107 M to 10~ * M. E1 and E2
were inhibited by TPP, whereas E3 in the R-selected
strain was apparently less sensitive to TPP. Results
with eserine and TPP suggest that esterase E3 in the
R-selected strain may have different properties com-
pared with E1 and E2, as well as E3, in the S strain.
Preincubation with 10~7 M paraoxon (Fig. 2E) re-
duced the activity of all 1-NA bands relative to con-
trols (Fig. 2D) in both strains. Preincubation with 10™>
M paraoxon (Fig. 2F) eliminated almost all activity
against 1-NA in both strains. Based on visual observa-
tions, no differences were noted between strains in
sensitivity of any of the bands to paraoxon.

Esterase zymograms of both wasp strains were pre-
pared with 4-MUA Results (data not shown) were
identical to that with the substrate 1-NA except that 2
additional bands with higher mobilities at Rm 0.57
(E5) and 0.62 (E6) were detected in both strains and
at equal intensities with this fluorescent substrate.

Discussion

Low levels of resistance to malathion have been
documented in strains of H. hebetor collected in sep-
arate corn and peanut storages in the southeastern

United States (Baker et al. 1995). Malathion resistance
is common in pyralid moths found in these storage
facilities (Zettler 1982) as well as in storage facilities
in the north central U.S. (Beeman et al. 1982). It is
likely that the presence of resistance in P. interpunc-
tella may facilitate resistance development in the as-
sociated H. hebetor by providing hosts when the para-
sitoid is under selection pressure (Tabashnik 1986).
Malathion has been used extensively in the storage
facility in Dickinson County, KS, where the R strain of
H. hebetor was collected. Low levels of resistance to
malathion have also developed in this strain.

Two laboratory selections with malathion signifi-
cantly increased the frequency of resistance alleles in
the R-selected strain compared with that of the orig-
inal Dickinson County (R) strain and resulted in a
resistance level, as measured with the time-response
bioassay, that was similar to that found in the SCC
strain collected in South Carolina (Baker et al. 1995).
During selection, surviving wasps were removed from
the treatment vials when about half the group had died
or had been knocked down. Among the survivors, the
number of adults that died after removal from the vials
decreased rather abruptly, indicating a rather quick
recovery from their exposure to malathion. The ability
to withstand brief exposures to malathion with no
apparent loss of vigor may provide additional insight
into explaining the lack of extensive resistance devel-
opment in this species relative to its host.

Several factors have been hypothesized for the low
level or resistance development in this parasitoid
(Baker et al. 1995). First, H. hebetor is a generalist and
may attack hosts in ecosystems not treated with in-
secticides. Second, pyralid moth larvae are generally
found on the surface of grain masses. This allows the
parasitoid to parasitize hosts without extensive direct
contact with insecticide. The finding that H. hebetor
can withstand a 30-40 min exposure to a malathion
concentration based on the LTy, in the vial bioassay,
and still be an effective parasitoid, provides an equally
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Fig. 2. Esterase zymograms after electrophoresis of
5,000 X g supernatants of adult ¢ homogenates from the
R-selected and S strains of H. hebetor on 10% polyacrylamide
gels. (A) Esterase patterns of 10 pug protein/lane from groups
of 5 ? from the R-selected and S strains against 1-NA. (B)
Esterase patterns with 1-NA after preincubation of the gel
with 107 M eserine. (C) Esterase patterns with 1-NA after
preincubation of the gel with 107® M triphenylphosphate.
(D, E, and F) Zymograms showing the effect of preincuba-
tion of the gel with paraoxon on 1-NA activity: (D) esterase
patterns with no paraoxon, (E) esterase patterns with 107 M
paraoxon, and (F) esterase patterns with 107> M paraoxon.

important means for reducing the effects of selection
pressure imposed by chemical protectants applied to
grain.

Increased activity of a specific MCE is a primary
resistance mechanism in many insects, including P.
interpunctella (Halliday 1988), a major host of H. he-
betor. Although the difference in MCE activity be-
tween H. hebetor strains was not significant in this
study, both strains did have alow level of MCE activity
and it is possible that the MCE in the R-selected strain
has different biochemical properties that might allow
it to function more effectively in vivo. Structural mod-
ifications that alter the biochemical properties of an
ali-esterase with MCE activity have been documented
in the Australian sheep blow fly Lucilia cuprina
Wiedemann (Campbell et al. 1998). In L. cuprina, a

Trp*' — Leu®" substitution in a MCE had only a
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slight beneficial effect on the actual kinetics of mal-
athion hydrolysis, but the Leu substitution signifi-
cantly reduced the sensitivity of the mutant MCE to
inhibition by malaoxon. The authors suggested that
this decreased sensitivity to malaoxon allows a more
rapid reactivation of the enzyme which results in in-
creased metabolism of malathion.

A similar situation may be present in the pteromalid
parasitoid A. calandrae. Zhu et al. (1999a) found ev-
idence that both a structural mutation and increased
expression of a carboxylesterase in A. calandrae may
be involved in the malathion resistance. In this species
a structural mutation Trp?*° — Gly**° was found in a
carboxylesterase-like enzyme in the resistant strain
and the mutation was genetically linked to resistance
(Zhu et al. 1999b). The Trp>*° residue in the carboxy-
lesterase from A. calandrae is homologous with the
Trp®! residue in L. cuprina, but it remains to be seen
if the Trp®** — Gly**° mutation in A. calandrae results
in a similar change in biochemical properties of the
carboxylesterase-like enzyme. These findings indicate
that although the in vitro activity of MCE in the 2 H.
hebetor strains was similar, different in vivo functional
properties of the MCEs may occur and these differ-
ences might be associated with the resistance.

In addition to MCE, several other important detox-
ification systems were present in H. hebetor, including
glutathione S-transferase, and P-450 dependent O-
demethylase. However, the activities of these en-
zymes were not significantly different between
strains. Also, there were no significant differences
between strains in sensitivity of acetylcholinesterase
to inhibition by malaoxon.

Of the metabolic detoxification systems studied,
general esterase activity was most different between
H. hebetor strains. The activity against 1-NA, 2-NA, and
4-MUA was significantly lower in the R-selected strain
compared with that found in the S strain. In addition
to quantitative differences in esterase activity be-
tween strains E1 and E2, major bands of activity
against 1-NA in the S strain as revealed by PAGE were
absent in the R-selected strain, whereas the activity of
E3, the major activity band in the R-selected strain,
was increased relative to that in the S strain. It is not
known if structural mutations in E1 and E2 might have
resulted in a complete loss of activity against 1-NA in
the R-selected strain or if a structural mutation of E3
in the R strain enhances its activity. However, based
on sensitivities of the biochemical assays used in this
study, there were no significant corresponding in-
creases in MCE activity that might result from muta-
tions in El and E2 that would alter the substrate
specificity of these enzymes in a manner similar to that
proposed by Oppenoorth and Van Asperen (1960).
The weak malathion resistance in H. hebetor may thus
represent a different resistance mechanism in which
the loss of general esterase activity is not accompanied
by an increased MCE activity. Additional biochemical
and molecular studies will be necessary to more com-
pletely elucidate and characterize the malathion re-
sistance in this parasitoid.



February 2000

Acknowledgments

We thank R. Beuerlein for maintaining the H. hebetor
cultures during these studies. We also thank W. A. Brindley,
S. M. Ferkovich, and F. W. Plapp, Jr., for valuable comments
and suggestions on an earlier version of the manuscript. This
research was a contribution from GMPRC, USDA-ARS, in
collaboration with the Kansas State University Agricultural
Experiment Station (Contribution No. 99-338-]). Voucher
specimens of the Dickinson strain of H. hebetor (No. 097) are
located in the KSU Museum of Entomological and Prairie
Arthropod Research, Kansas State University, Manhattan, KS
66506.

References Cited

Abdel-Aal, Y.A.L, E. P. Lampert, R. M. Roe, and P. J. Semtner.
1992. Diagnostic esterases and insecticide resistance in
the tobacco aphid, Myzus nicotianae Blackman (Ho-
moptera: Aphididae). Pest. Biochem. Physiol. 43: 123-133.

van Asperen, K. 1962. A study of housefly esterases by
means of a sensitive colorimetric method. J. Insect
Physiol. 8: 401-416.

Baker, J. E. 1995. Stability of malathion resistance in two
hymenopterous parasitoids. J. Econ. Entomol. 88: 232~
236.

Baker, J. E., and J. E. Throne. 1995. Evaluation of a resistant
parasitoid for biological control of weevils in insecticide-
treated wheat. J. Econ. Entomol. 88: 1570-1579.

Baker, J. E., and D. K. Weaver. 1993. Resistance in field
strains of the parasitoid Anisopteromalus calandrae (Hy-
menoptera: Pteromalidae) and its host, Sitophilus oryzae
(Coleoptera: Curculionidae) to malathion, chlorpyrifos-
methyl, and pirimiphos-methyl. Biol. Control 3: 233-242.

Baker, J. E., J. A. Fabrick, and K. Y. Zhu. 1998. Character-
ization of esterases in malathion-resistant and susceptible
strains of the pteromalid parasitoid Anisopteromalus ca-
landrae. Insect Biochem. Mol. Biol. 28: 1039-1050.

Baker, J. E., D. K. Weaver, J. E. Throne, and J. L. Zettler.
1995. Resistance to protectant insecticides in two field
strains of the stored-product insect parasitoid Bracon he-
betor (Hymenoptera: Braconidae). J. Econ. Entomol. 88:
512-519.

Beeman, R. W., W. E. Speirs, and B. A. Schmidt. 1982. Mal-
athion resistance in Indianmeal moths (Lepidoptera:
Pyralidae) infesting stored corn and wheat in the north-
central United States. J. Econ. Entomol. 75: 950-954.

Campbell, P. M., R. D. Newcomb, R. J. Russell, and J. G.
Oakeshott. 1998. Two different amino acid substitutions
in the ali-esterase, E3, confer alternative types of organ-
ophosphorus insecticide resistance in the sheep blowfly,
Lucilia cuprina. Insect Biochem. Mol. Biol. 28: 139-150.

Ellman, G. L., K. D. Courtney, V. Andres, Jr., and R. M.
Featherstone. 1961. A new and rapid colorimetric de-
termination of acetylcholinesterase activity. Biochem.
Pharmacol. 7: 88-95.

Halliday, W. R. 1988. Tissue specific esterase and malathion
carboxylesterase activity in larvae of malathion-resistant
Plodia interpunctella (Hiibner) (Lepidoptera: Pyralidae).
J. Stored Prod. Res. 24: 91-99.

Hiillstrom, 1., A. Blanck, and S. Atuma. 1984. Genetic vari-
ation in cytochrome P-450 and xenobiotic metabolism in
Drosophila melanogaster. Biochem. Pharmacol. 33: 13-20.

Jesudason, P., P. E. Levi, M. Weiden, and R. M. Roe. 1988.
Developmental changes in the microsomal monooxygen-
ase system and the in vivo metabolism of aldrin in larvae

PEREZ-MENDOZA ET AL.: MALATHION RESISTANCE IN Habrobracon 37

of the Mexican bean beetle (Coleoptera: Coccinellidae).
J. Econ. Entomol. 81: 1598-1605.

Kinoshita, F. K., ]. P. Frawley, and K. P. DuBois. 1966. Quan-
titative measurement of induction of hepatic microsomal
enzymes by various dietary levels of DDT and toxaphene
in rats. Toxicol. Appl. Pharmacol. 9: 505-513.

Omura, T., and R. Sato. 1964. The carbon monooxide-bind-
ing pigment of liver microsomes: I. Evidence for its he-
moprotein nature. J. Biol. Chem. 239: 2370-2378.

Ono, M., J. S. Richman, and B. D. Siegfried. 1994. Charac-
terization of general esterases from susceptible and para-
thion-resistant strains of the greenbug (Homoptera:
Aphididae). J. Econ. Entomol. 87: 1430-1436.

Oppenoorth, F. J., and K. van Asperen. 1960. Allelic genes
in the housefly producing modified enzymes that cause
organophosphate resistance. Science (Wash. D.C.) 132:
298.

Robertson, J. L., and H. K. Preisler. 1992. Pesticide bioas-
says with arthropods. CRC, Boca Raton, FL.

Rose, R. L., and W. A. Brindley. 1985. An evaluation of the
role of oxidative enzymes in Colorado potato beetle re-
sistance to carbamate insecticides. Pestic. Biochem.
Physiol. 23: 74-84.

Sakata, K., and T. Miyata. 1994. Biochemical characteriza-
tion of carboxylesterase in the small brown planthopper
Laodelphax striatellus (Fallén). Pest. Biochem. Physiol.
50: 247-256.

SAS Institute. 1987. SAS/STAT user’s guide for personal
computers, version 6 ed. SAS Institute, Cary, NC.

Tabashnik, B. E. 1986. Evolution of pesticide resistance in
predator/prey systems. Bull. Entomol. Soc. Am. 32: 156
161.

Throne, J. E., D. K. Weaver, V. Chew, and J. E. Baker. 1995a.
Probit analysis of correlated data: multiple observations
over time at one concentrations. J. Econ. Entomol. 88:
1510-1512.

Throne, J. E., D. K. Weaver, and J. E. Baker. 1995b. Probit
analysis: assessing goodness-of-fit based on backtransfor-
mation and residuals. J. Econ. Entomol. 88: 1513-1516.

Whyard, S., A.E.R. Downe, and V. K. Walker. 1994a. Isola-
tion of an esterase conferring insecticide resistance in the
mosquito Culex tarsalis. Insect Biochem. Mol. Biol. 24:
819-827.

Whyard, S., R. J. Russell, and V. K. Walker. 1994b. Insecti-
cide resistance and malathion carboxylesterase in the
sheep blowfly, Lucilia cuprina. Biochem. Genet. 32: 9-24.

Yu, S. J. 1982. Host plant induction of glutathione S-trans-
ferases in the fall armyworm. Pestic. Biochem. Physiol. 18:
101-106.

Zettler, J. L. 1982. Insecticide resistance in selected stored-
product insects infesting peanuts in the southeastern
United States. J. Econ. Entomol. 75: 359 -362.

Zhu, Y. C, A. K. Dowdy, and J. E. Baker. 1999a. Differential
mRNA expression levels and gene sequences of a putative
carboxylesterase-like enzyme from two strains of the
parasitoid Anisopteromalus calandrae (Hymenoptera:
Pteromalidae). Insect Biochem. Molec. Biol. 29: 417-425.

Zhu, Y. C., A. K. Dowdy, and J. E. Baker. 1999b. Detection
of single-base substitution in an esterase gene and its
linkage to malathion resistance in the parasitoid Anisopte-
romalus calandrae (Hymenoptera: Pteromalidae). Pestic.
Sci. 55: 398 -404.

Received for publication 16 February 1999; accepted 22
September 1999.



